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We have studied the three-dimensional shapes of the Fermi surfaces (FSs) of BaFe2(Asi_ x P x )2 
(x=0.38), where superconductivity is induced by isovalent P substitution, by angle-resolved photoe- 
mission spectroscopy. Moderately strong electron mass enhancement has been identified for both 
the electron and hole FSs. Among two observed hole FSs, the nearly two-dimensional one shows 
good nesting with the outer two-dimensional electron FS, but its orbital character is different from 
the outer electron FS. The three-dimensional hole FS shows poor nesting with the electron FSs. 
The present results suggest that the three-dimensionality and the difference in the orbital character 
weaken FS nesting, leaving partial nesting among the outer electron FSs of d xy character and/or 
that within the three-dimensional hole FS, which may lead to the nodal superconductivity. 

PACS numbers: 74.25.Jb, 71.18.+y, 74.70.-b, 79.60.-i 



Most of experimental results on the iron-pnictide su- 
perconductors have so far indicated that the supercon- 
ducting gap opens on the entire Fermi surfaces [l], Q, 
most likely a s±-wave gap, in contrast to the d-wave su- 
perconducting gap in the high-T c cuprate superconduc- 
tors. However, recent penetration depth, thermal con- 
ductivity Q, and NMR Q studies of BaFe 2 (Asi_ :c P :E )2 
[s[ show signatures of superconducting gap with line 
node. In this system, the substitution of P for As sup- 
presses magnetic order without changing the number of 
Fe 3d electrons and induces superconductivity with a 
maximum T c ~ 30 K at x ~0.3. According to theories of 
spin fluctuation-mediated superconductivity, line nodes 
may appear when the pnictogen height becomes small 
IE > due t° changes in nesting conditions caused by the 
disappearance of a hole Fermi surface (FS) of d xy char- 
acter around the zone center. (Here, the x- and y- axis 
point towards nearest neighbor Fe atoms.) 

The importance of FS nesting for the supercon- 
ductivity has been pointed out in early studies on 
Bai_ :E K :E Fe2As2 by angle-resolved photoemission spec- 
troscopy (ARPES) 0,13 based on models with two- 
dimensional (2D) electronic structure. For the family of 
BaFe2As2 system, however, strong three-dimensionality 
in FSs has been identified by the band-structure calcula- 
tion [1] and confirmed by ARPES studies [9l.[loj]. Because 
the P substitution in BaFe2(Asi_ ;E P :E )2 reduces the c- 
axis length as well as pnictogen height and increases the 
inter-layer hopping, band-structure calculation predicts 
that the shapes of hole FSs become more three dimen- 
sional with P substitution 0, Qj], Ell- Therefore, it is 
crucial to reveal the three-dimensional electronic struc- 
ture of the BaFe2(Asi_ :E P ;E )2 superconductor in order 



to elucidate the relationship between FS nesting, super- 
conductivity, and gap symmetry. De Haas-van Alphen 
(dHvA) measurements [12[ in a wide substitution range 
(0.41 < x < 1) have indicated a shrinkage of the elec- 
tron FSs compared to the band-structure calculation as 
one approaches to the optimal composition from the end 
material BaFe2P2 (x=l). Also, significant electron mass 
renormalization has been observed there, which is remi- 
niscent of heavy Fermion superconductors. 

In the present study, we have studied the three- 
dimensional shapes of the FSs near optimal composition 
(x= 0.38) by performing ARPES measurements. Us- 
ing tunable photon energies of synchrotron radiation, 
we have observed FSs predicted by band-structure cal- 
culation in three-dimensional momentum space. Also, 
we have observed electron mass renormalization for each 



FS, quantitatively consistent with the dHvA results \12 \. 
Based on the obtained FSs, we shall discuss the FS nest- 
ing properties in three-dimensional momentum space and 
their implication for the nodal superconductivity. 

High-quality single crystals of BaFe2(Asi_ :E P ;E )2 with 
£=0.38 (T c =28 K) were grown as described elsewhere 
[5[. ARPES measurements were carried out at BL-28A of 
Photon Factory (PF) using circularly-polarized light. A 
Scienta SES-2002 analyzer was used with the total energy 
resolution of ~ 15 meV and the momentum resolution of 
~ 0.027r/a. In-plane (kx, ky) and out-of-plane electron 
momenta (k z ) are expressed in units of n/a and 27r/c, 
respectively, where a = 3.92 A and c = 12.8 A are the 
in-plane and the out-of-plane lattice constants. Here, the 
tetragonal unit cell axes are defined as X, Y, and z. The 
crystals were cleaved in situ at T=10 K in an ultra-high 
vacuum ~5xl0 -11 Torr. Calibration of the Fermi level 
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FIG. 1: (Color online) Fermi surfaces and band dispersions 
of BaFe(Asi_ a ,P a ,) 2 (x=0.38) observed by ARPES. (a)(b) 
ARPES intensity at Ef mapped in the kx-ky plane taken 
at several photon energies. Red dots indicate Jgf positions 
determined by the peak positions of momentum distribution 
curves (MDC's). (c)-(f) Band dispersion corresponding to the 
cuts in panels (a) and (b). 

(Ep) of the samples was achieved by referring to that 
of gold. Our data are compared with a band-structure 
calculation performed using a WIEN2K package [l3| . 
FS mapping in the kx-ky plane is shown in Figs. Q] 

(a) and (b). By assuming an inner potential Vb=13.5 
eV, panels (a) and (b) approximately correspond to the 
kx-ky planes including the Z and the T point, respec- 
tively. We have observed at least two hole FSs around 
the center of the 2D Brillouin zone (BZ) and two elec- 
tron FSs around the corner of the 2D BZ. One can clearly 
see a small diameter of the hole FSs around the T point 
compared to those around the Z point, suggesting strong 
three-dimensionality of the FSs. Band dispersions corre- 
sponding to cuts in panels (a) and (b) are illustrated in 
panels (c)-(f). Particularly, for the electron band disper- 
sions around the X point, two sheets of FSs have been 
observed as shown in panels (a) and (d), consistent with 
the band-structure calculation. 

In order to further investigate the three-dimensional 
electronic structure, intensity mapping in the k\\-k z plane 
was performed by changing the photon energy as shown 
in Fig. [21 The direction of k\\ is the same as the cuts 
in Fig. [TJ Intensity maps in Figs. [2fa) and Efb) illus- 
trate the cross-sections of the Fermi surfaces by the kn-k z 
plane around the center and the corner of the 2D BZ, re- 
spectively. Note that the intensity asymmetry observed 
with respect to the k\\=0 line is due to photoemission 
matrix elements. By symmetrizing the plots in (a) and 

(b) , we have obtained the experimental FSs as shown in 
panel (c). For comparison, results of band-structure cal- 
culation for £=0.4 and 0.6 are shown in panels (d) and 
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FIG. 2: (Color online) Fermi surface mapping in the k\\-k z 
plane obtained by changing the photon energy, (a) Hole Fermi 
surfaces around the center of the 2D Brillouin zone (BZ). 
(b) Electron Fermi surfaces around the corner of the 2D BZ. 
The directions of k\\ are shown in Fig. [T] (c) Fermi surfaces 
obtained by symmetrizing the plots in panels (a) and (b). 
(d)(e) Band-structure calculation for x=0.4 and 0.6. 



(e), respectively. Here, the band-structure calculation 
has been performed for BaFe2As2 with the experimental 
lattice constants for BaFe2(Asi_ iC P :E )2 with x— 0.4 and 
0.6 [5| in order to look into the effects of the pnictogen 
height. As illustrated in the figure, we denote the hole 
FSs around the center of the 2D BZ by a, /?, and 7, re- 
spectively, and the outer and inner electron FSs around 
the corner of the 2D BZ are denoted by S and e, respec- 
tively. Note that the f3 and 7 FSs intersect each other 

0. 

As shown in Fig. Efc), the inner electron FS e ex- 
hibits warping qualitatively consistent with the calcula- 
tion. Correspondences between the observed hole FSs 
and the calculation are not straightforward because we 
have observed only two hole FSs as shown in FigJT] and 
Fig. [2ja) while the band-structure calculation predicts 
three hole FSs. As for the inner hole FS around the T 
point, a very recent ARPES result on the similar system 
EuFe2(Asi_ ;E P ;E )2 has revealed that this FS has d xz / yz 
orbital character jTjjj. Also, the matrix element of the 
d xy orbital around the T point should be much smaller 
than those of the d xz j yz orbital [l6|. Therefore, this FS 
can not be the a FS which has nearly pure d xy orbital 
character but the three-dimensional 7 FS with d xz / yz or- 
bital character. As for the observed two-dimensional hole 
FS, if we assume that this FS is the a FS, the energy level 
of the d xy band should be much higher than that of the 
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FIG. 3: (Color online) Band dispersions around the BZ center 
[(a)(b)] and the BZ corner [(c) and (d)] corresponding to the 
cuts in Figs (a) and (b). Filled circles indicate peak posi- 
tions of the momentum distribution curves (MDCs) obtained 
by taking second derivatives. Mass renormalization for each 
band is obtained by fitting to parabolic dispersions. 



dxz/yz band at the T point, which contradicts with the 
general prediction of band-structure calculation. There- 
fore, the observed two-dimensional hole FS is assigned to 
the /3 FS of d xz / yz orbital character. In Fig. [2] (c), we 
illustrate the /3 and 7 FSs according to our observation. 
We could not identify the a FS probably because the 
spectral intensity is too weak and/or the band is nearly 
degenerate with the j3 and 7 bands. 

In the dHvA measurements, the effective mass of the 5 
electron FS increases with decreasing x down to x ~ 0.4, 
similar to the quantum critical behavior of heavy Fermion 
systems [12j. The present ARPES data enable us to di- 
rectly determine the effective masses for each FS, by fit- 
ting a parabolic band to the band dispersion as shown 
in Fig. [U The effective masses determined by ARPES 
as well as those derived from the band-structure calcula- 
tion are summarized in Table HI For the 5 and e FSs, the 
effective mass ratios m*/m e , where m e is the free elec- 
tron mass, are estimated to be 2.8 and 2.0, respectively. 
Particularly, the value for the S FS is nearly the same as 
that of the dHvA result for x=0Al (m*/m e -3.3). Mass 
enhancement factor m*/ra&, where ra^ is the band mass 
obtained by the band-structure calculation, varies from 
1.7-3.9 for these FSs. As a whole, these values are larger 
than those for the end members, SrFeoI^ (m* jm^ ~ 1.3- 
2.1) and CaFe 2 P 2 , (m*/m b - 1.5) 0,0. Thus, the 
observed mass enhancement factors indicate moderately 
strong electron correlation effects and may be related to 
the proximity to the quantum critical point. 

We have determined the three-dimensional volumes of 
the FSs as listed in Table HI To estimate the FS volume, 
we have taken into account the warping of the FSs along 
the k z direction. The volume of the electron FSs S (5.3 % 
of BZ) and e (3.4 % of BZ) are in good agreement with 
those for x=0A obtained by the dHvA measurements, 
—6% and ~3%, respectively [12]. The experimentally 



TABLE I: Fermi surface volumes and effective masses of 
BaFe 2 (Asi_ x P x ) 2 (x=0.38) determined by ARPES. m b /m e 's 
are obtained by band-structure calculation. The two- 
dimensional FS areas and the three-dimensional FS volumes 
are expressed as a percent of the area of the 2D BZ and 
the volume of the 3D BZ, respectively. For the hole FSs 
(f3 and 7), m*/m e 's determined from Fig|3] are listed be- 
cause the hole FSs are nearly isotropic in the kx-ky plane. 
m*/m e 's for the anisotropic FSs (5, e) are determined assum- 
ing m* — ^/m*mj, where m* and m* are masses in the two 
orthogonal axes. 



FS 3D volume k z 2D area m*/m e mb/m e m* /nib 
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determined electron FSs are much smaller than those 
predicted by the band-structure calculation, as clearly 
seen in Figs. EJc)-(e). As for the hole FSs, the 7 FS 
shows strong shrinkage around the T point compared to 
the calculation, while that around the Z point has almost 
the same diameter as the theoretical prediction. The to- 
tal electron and hole count from the observed FSs yields 
holes of 1.2 % of the BZ volume, indicating nearly com- 
pensated carriers although contribution from the a hole 
FS is not included. Also, from the effective masses m* in 
Table U excluding the a FS, the electronic specific heat 
coefficient 7 is calculated to be 7 ~17 mJ/mol K 2 , which 
is close to 7= 16 mJ/mol K 2 estimated from specific heat 
measurement . These results may be interpreted with 
the scenario that the a band is pushed down below Ep 
due to the reduction of the pnictogen height as theoret- 
ically predicted for BaFe2P2- To prove or disprove this 
possibility, further investigation is necessary to detect the 
d xy band. 

Since FS nesting between electron and hole FSs has 
been discussed as a necessary ingredient for the supercon- 
ductivity in the previous studies [H, , we shall discuss 
the nesting properties of the FSs in three-dimensional 
momentum space. The shapes of the observed FSs are 
reproduced in Figs. Ufa) and[H(b). Here, hole FSs shifted 
by the antiferromagnetic wave vector (7r/a, 7r/a, 2tt/c) of 
BaFe2As2 [20j are overlaid as dashed curves in Fig. [4f b). 
In a similar manner, the hole FSs are shifted by an in- 
plane vector (7r/a, 7r/a, 0) in Fig. H^a). Note that the 
shifts by the both vectors are equivalent to test the nest- 
ing conditions because the interval between two adjacent 
X points in the k z direction is 2ir/c. 

According to the spin-fluctuation mechanism of super- 
conductivity 0, Q , when a hole FS which has d xy orbital 
character becomes absent, the fully gapped s±-wave su- 
perconducting state becomes unstable and the nodal s- 
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FIG. 4: (Color online) FSs determined by ARPES in k x - k Y 
plane (a) and k z — k\\ plane (b). Dotted lines are hole FSs 
shifted by the antifferomagnetic vector (black arrows) . Partial 
nesting between the neighboring 5 FSs is indicated by a pink 



wave or d-wave superconductivity is realized. This is 
because, in the spin susceptibility, the structure which 
arises from the partial nesting between the neighboring 
electron pockets of d xy orbital becomes dominant. As 
shown in Fig. HJ the size of the f3 hole FS is nearly the 
same as that of the 5 electron FS and both FSs have 
nearly cylindrical shapes, implying good nesting. How- 

i/yz 



ever, these FSs have different orbital character: d x 
for the f3 FS and d xy for the 5 FS. Hence, the f3-5 nesting 
may have small contribution to the spin susceptibility. 
The 7 FS shows strong warping and therefore its nesting 
with the electron FSs is poor. Furthermore, the 7 FS 
has d% z 2_ r 2 orbital character around the Z point, while 
d% z 2_ r 2 orbital character is almost absent in the electron 
FSs. To summarize, the contribution to the spin suscep- 
tibility from 7-e nesting becomes small due to the orbital 
character and the three-dimensionality of the 7 FS. 

On the other hand, partial nesting between the neigh- 
boring 5 electron FSs of d xy orbital character persists, as 
indicated by the wave vector at the center of Fig. [4] (a). 
Because the inter-band scattering between the electron 
and hole FSs is reduced as mentioned above, the 5-5 par- 
tial nesting may give a dominant contribution to the spin 
susceptibility [6[ and may lead to the node in the super- 
conducting gap. That is, the three-dimensionality of the 
7 FS and the difference of the orbital character between 
the hole and electron FSs suppress the fully gapped s± 
pairing, leading to the nodal superconductivity. 

An alternative scenario for the nodal superconductiv- 
ity is an appearance of horizontal nodes, which is li kely 



conduction [22[. Possibly, the nodes result from partial 
nesting within the 7 FS. If this scenario can be applied 
to the present system, the strongly three-dimensional 7 
FS may have horizontal nodes. This should be clarified 



in future studies. 

In conclusion, we have experimentally determined the 
Fermi surfaces of BaFe2(Asi_ :c P :E )2 (x= 0.38). We find 
that the 7 hole FS has highly three-dimensional shape, 
while the f3 hole FS is nearly two-dimensional. Mass en- 
hancement for each band is stronger than those for the 
end members, possibly due to enhanced electron corre- 
lation effect near the quantum critical point. We have 
discussed nesting conditions for the observed FSs. While 
the j3-5 nesting looks strong, the difference in their or- 
bital characters may weaken the inter-band scattering. 
The three-dimensionality and the orbital character of the 
7 FS also weakens nesting-induced inter-band scattering. 
As a result of the poor nesting between the electron and 
hole FSs, the partial nesting between the 5 FSs and/or 
that within the 7 FSs become dominant and thus the 
nodes in the superconducting gap are likely to be real- 
ized. The present results give strong constraint on the 
theory of paring mechanism and imply the importance 
of the three-dimensional FSs in the nodal superconduc- 
tivity. 
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